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Cell membraneThe present study aimed to ascertain the cytotoxicity of pesticides commonly used in rice cultivation,
through in vitro assays employing the ZF-L cell line. The in vitro analyses investigated three cellular tar-
gets (cell membrane integrity, mitochondrial activity and lysosomal stability) in cells exposed to concen-
trations of Roundup Transorb (67.7 lg L1, 135.4 lg L1 and 270.8 lg L1), Furadan 350 SC (0.1 lg L1,
0.05 lg L1 and 0.02 lg L1). We also tested these products in combination. We analyzed the defensive
capacity of the cells by measuring the activity of xenobiotic extruder proteins, as well as the expression
of these same proteins. Cytotoxic effects of both pesticides were observed individually, as well as with the
mixture of both products; including an inhibitory effect on the activity of xenobiotic extrusion. When
exposed to the insecticide Furadan, and also the mixture of Furadan and Roundup, there was an increase
in the expression of P glycoproteins (P-gps). There was also a negative correlation with cytotoxicity,
mainly exhibited by mitochondrial activity and lysosomal integrity, but also with respect to the activity
of P-gps. We observed that concentrations below those allowed by law were toxic regarding all param-
eters tested in this study, with the exception of mitochondrial function. Taken together, our results sug-
gest that toxicity may be due to the surfactants present in the commercial formulations.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Rice (Oryza sativa L.) is one of the main and most important
foods for human nutrition, serving as the staple food for a large
part of the world’s population (Sosbai, 2012). In Brazil, since the
last decade, Rio Grande do Sul (RS) has emerged as the country’s
largest rice producing state (Barrigossi et al., 2004). In the southern
half of the state, irrigated rice cultivation is the main economic
activity, representing more than 50% of the raw economic value
production (Gross Economic Product – GEP) for various municipal-
ities, and generating many jobs for the rural population (Sosbai,
2012).
Considering the socio-economic importance of this crop, rice
farmers in the region have invested considerably in the use of agro-
chemicals, such as insecticides and herbicides for pest control.
According to data from the National Association of Defense
Industry of Agricultural Products (SINDAG – 2012), sales of agro-
chemicals in Brazil have increased by over 72% from 2006 to2012. The sale of these products reached almost $8.5 billion (U.S.
dollars) in Brazil in 2011, making it the second largest market in
the world, only behind the United States (SINDAG, 2012).
The constant use of pesticides can adversely affect the environ-
ment, especially relevant are organisms that may be unintention-
ally exposed to the products used in plantations. This is a major
concern in irrigated rice cultivation, since water diverted for irriga-
tion is later returned to its source, as such, rice cultivation may be
responsible for much of the pesticides released into larger, ecolog-
ically important bodies of water (Griza et al., 2008).
Among the most common herbicides for rice culture are those
that have glyphosate as the active ingredient, a nonselective herbi-
cide used to combat aquatic weeds and is used in various cultiva-
tions around the world (Çavas and Konen, 2007). Roundup
Transorb is a representative commercial product of the
Monsanto Corp.
Although studies have shown a low toxicity of pure glyphosate
(Peixoto, 2005; Howe et al., 2004), there are studies that relate
commercial formulations of glyphosate to adverse effects in
non-target or colateral organisms. The mechanism of the toxicity
is mainly related to inhibition of acetylcholinesterase (Glusczak
et al., 2007; Modesto and Martinez, 2010). Thus it has been pur-
posed that this toxicity seen in commercial formulations may be
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Roundup Transob. This product contains a mixture of surfactants
(POEA and others unspeciﬁed by the Manufacturer – Howe et al.,
2004) and has shown to be more toxic than other formulations
of glyphosate (Santos et al., 2005).
Among the insecticides most often found in ﬂooded rice ﬁelds is
the insecticide carbofuran (2,3-dihydro-2,2-dimethyl
benzofuran-7-yl-methyl carbamate) a highly water-soluble com-
pound, thus being susceptible to leaching and percolation through
farmland. Carbofuran can be transported and can contaminate sur-
face and ground water sources (Lu et al., 2011). In insects, the main
mechanism of toxic action of carbofuran, is also the inhibition of
the enzyme acetylcholinesterase (Fukuto, 1990), Commercial for-
mulations of carbofuran include the trademark Furadan SC 350.
In contrast to its commercial formulation (Furadan SC 350),
carbofuran is considered a potential environmental hazard
(MAPA, 2013), classiﬁes carbofuran as highly hazardous to the
environment, which may indicate a higher toxicity of the active
ingredient compared to the commercial formulation, the opposite
of what appears to occur with glyphosate and its commercial for-
mulations as mentioned above.
There is also the possibility that these two pollutants may inter-
act during the time when the plantation is water-inundated. Since
there are pesticides that can persist in the environment, and the
toxicity of mixtures may not be equivalent to the sum of the toxic
activities of each product separately (Machado et al., 2006). These
products may interact and produce synergistic adverse effects,
which may be more or less serious than those provoked by each
of the separate products alone.
Although exposure to different pesticides may cause harmful
effects in different cell types and may target distinct cellular func-
tions, some cell types may also have the ability to defend against
these pollutants. Among these defense mechanisms we may refer-
ence the Multiple Xenobiotic Resistance (MXR). A phenotype
where transporters act to protect against possible threats, by
pumping unspeciﬁed contaminants out of the cell. The Pgps are
representative of the ABC (ATP Binding Cassette) family of trans-
port proteins, proteins that function at the cost of ATP.
Considering this context, the aim of this study was to investi-
gate some effects at the cellular level in zebraﬁsh (Danio rerio) hep-
atocytes exposed to the herbicide Roundup Transorb, the
insecticide Furadan 350 SC and to mixtures of these pesticides.
The zebraﬁsh hepatocyte cell line is an appropriate model to study
cytotoxic effects as they have a relevant purpose in detoxiﬁcation
processes, and have a fully described genome (www.zﬁn.org). As
an in vitro model, the cell line generates fast responses, is econom-
ical to maintain, ethical to use, and produces few residues.
Therefore, this particular cell line, (ZF-L), was chosen for 2 reasons:
it is derived from an aquatic vertebrate which can be exposed to
contaminated run-off from rice cultivation, and the particular cell
type is of hepatic origin, and thus relevant for toxicological studies.
We hope to contribute to the understanding of cytotoxicity caused
by the exposure of the pesticides Roundup Transorb, and Furadan
350 SC, as well as the mixture of these products, regarding their
effects upon the cellular MXR defense mechanisms, and addition-
ally to verify if there exists a correlation between cytotoxicity
and expression of MXR.Fig. 1. Control image of the zebraﬁsh hepatocytes (ZF-L) cell line obtained from the
American Type Culture Collection – American collection (ATCC) and deposited in
the Rio de Janeiro Cell Bank – UFRJ. 200 magniﬁcation.2. Materials and methods
2.1. Experimental conditions
Concentrations of selected pesticides, Roundup Transorb (48%
– glyphosate herbicide – is produced by Monsanto, Alberta –
Canada) and Furadan 350 SC (35% carbofuran insecticide, isproduced by FMC Corporation, Philadelphia – USA), were deﬁned
based upon the limiting concentrations of its active ingredients
established by Brazilian legislation for water classes I and II i.e.
65 lg L1 glyphosate and 0.02 lg L1 carbaryl respectively. Since
there is no limit established for carbofuran, we used the limit
established for carbaryl, due to their chemical similarity. Initially,
we chose three concentrations for each contaminant, one below
the concentration established by Brazilian legislation (speciﬁcally
one-half), the permitted concentration itself, and a third, twice
the legal concentration. Dilutions of commercial products were
made based on their active ingredients, thus for Roundup
Transorb concentrations were: 270.8 lg L1 (130 lg L1 – glypho-
sate), 135.4 lg L1 (65 lg L1 – glyphosate) and 67.7 lg L1
(32.5 lg L1 – glyphosate) and for Furadan 350 SC concentrations
were: 0.1 lg L1 (0.04 lg L1 – carbofuran) 0.05 lg L1
(0.02 lg L1 carbofuran) and 0.02 lg L1 (0.01 lg L1 carbofuran).
The concentrations used for the mixed pollutants were chosen
from the results obtained from cytotoxicity assays with the con-
centrations of pesticides separately.
To avoid any interactions between the pesticides and the com-
pounds present in the culture medium that could affect the results,
the experiments with the agrochemicals both separately and com-
bined were performed in isosmotic saline solution (in mM: 112.6
NaCl; 1.81 CaCl2; 1.89 KCl; 2.38 NaHCO3 – pH 7.4).
In experiments performed in our laboratory we veriﬁed that in
this saline, the ZF-L cells maintained their viability, with regard to
mitochondrial activity, for at least six hours (data not shown),
which corresponds to the exposure time used in this study.2.2. Cell culture
In this study we used zebraﬁsh hepatocytes (ZF-L) cell line
(Fig. 1), obtained from the American Type Culture Collection –
American collection (ATCC) and deposited in the Rio de Janeiro
Cell Bank – UFRJ, maintained in culture bottles at a temperature
of 28 C in RPMI 1640 medium (Sigma Aldrich, St Louis – USA) sup-
plemented with fetal bovine serum (10%), antibiotics (penicillin
and streptomycin) and anti-mycotic (Fungizone) (1%), produced
by Sigma Aldrich, St Louis – USA. The cells were sub-cultured once
or twice per week. For mounting plates for the experiments, cell
viability was veriﬁed by trypan-blue exclusion (0.08%), and only
when the viability of the cells were greater than 95%, we proceeded
with the experiments.
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of 3  105 cells mL1, and 48 h in advance to ensure that the cells
were adhered to the plate at the time of the experiment, for each
assay, we used 3–5 wells per experimental condition and four
independent experiments.2.3. Cytotoxicity analysis
2.3.1. Cell membrane Integrity
To verify the integrity of the plasma membrane of cells, the dye
exclusion test, Trypan blue (0.08%) was performed, where cells
permeable to the dye turn blue, indicating damage to their plasma
membranes. The cells in plates were exposed to the desired exper-
imental conditions for six hours, after this time they were cen-
trifuged (5 min, 680g) to sediment any dead cells that may have
detached during the exposures, and the plates were then trans-
ferred to the microscope.
To check cell viability, we employed image analysis to assist the
counting of viable/non-viable cells. Prior to the capture of each
image, trypan blue dye (Sigma Aldrich, St Louis – USA) was added
in each well to a ﬁnal concentration of 0.08%. The cells were
observed through the epi-ﬂuorescence microscope (bright-ﬁeld
mode) (Olympus IX81) coupled to DP72 camera to capture images
(Fig. 2). These were subsequently analyzed with the help of NIH
ImageJ freeware (http://imagej.nih.gov/ij/). With the assistance of
the program, cells were classiﬁed as ‘‘type 1’’ (viable) and ‘‘type
2’’ (nonviable) and then counted, each cell in its particular group.
The data were then transformed to percent viable.2.3.2. Mitochondrial activity
After exposure, cells in plates were centrifuged (5 min, 680g)
and MTT (3 [4,5-dimethylthiazol-2YL]-2,5 diphenyltetrazoliumbro
midethiazolyl blue, Sigma Aldrich, St Louis – USA) was added to a
ﬁnal concentration of 0.5 mg mL1, the cells were then incubated
at 28 C in the dark for three hours to allow the formation of for-
mazan crystals due to the activity of succinate dehydrogenase
enzymes involved in cellular respiration processes (the higher
the activity of these enzymes the more crystals are formed).
After incubation, the cells were centrifuged again, the supernatant
was then removed and 100 lL of DMSO (dimethyl sulfoxide,
VETEC, Rio de Janeiro – Brazil) was added to each well to solubilize
the crystal precipitate. Subsequently, the plates were brought to
the microplate reader and read by spectrophotometry at 490 nm.
The data obtained from this analysis were transformed to percent
viability.Fig. 2. Zebraﬁsh hepatocytes stained with trypan blue, 200 magniﬁcation.2.3.3. Lysosomal integrity
For this analysis, the neutral red (3-amino-2-methyl
phenazine-amino-7dimetil chloride, Sigma Aldrich, St Louis –
USA) retention test was employed. Cells in plates (after experimen-
tal treatment) were centrifuged (5 min, 680g) and the experimen-
tal solutions withdrawn. Next, 200 lL of neutral red solution
(40 lg mL1) was added and the cells incubated at a temperature
of 28 C in darkness for three hours. After three hours, the samples
were centrifuged again; the supernatant was removed and
replaced with formaldehyde (0.5% v/v, VETEC, Rio de Janeiro –
Brazil) in CaCl2 (VETEC, Rio de Janeiro – Brazil) for ﬁve minutes.
After, the supernatant was removed and 100 lL of acid alcohol
(1% acetic acid in 50% ethanol, VETEC, Rio de Janeiro – Brazil)
was added to each well and the cells were then brought to a micro-
plate reader for absorbance measurements at 550 nm. The data
obtained from these analyses were transformed to percent viability
and then compared to control as 100%.
2.4. Multixenobiotics resistance
2.4.1. ABC transporter activity
The activity of ABC transporters responsible for the MXR mech-
anism was assessed by the accumulation of ﬂuorescent Rhodamine
B assay. For this assay, the cells were exposed to the experimental
conditions for six hours and then washed with saline to remove
traces of pollutants and dead cells. Next they were incubated with
rhodamine B (10 lM, Sigma Aldrich, St Louis – USA) for two hours.
After this time, the cells were again washed to remove the rho-
damine in the extracellular medium and then taken for analysis.
The ﬂuorescence was measured using images obtained with the
epi-ﬂuorescence microscope Olympus IX81 (with excitation at
570 nm and emission 680 nm). These images were subsequently
analyzed by NIH ImageJ freeware. The images were converted to
8-bit (gray scale), and each cell was then selected, individually,
and the average ﬂuorescent intensity was measured, the higher
the average, the greater the accumulation of rhodamine within
the cell and consequently, the lower the activity of ABC transport
proteins.
2.4.2. P Glycoprotein (Pgp) expression
Immunocytochemistry techniques were employed to measure
the expression of Pgp in the cells, as one of the main ABC proteins
responsible for cellular defense. For this, the cells in plates were
ﬁxed in formaldehyde (4%) and stained with monoclonal antibody
C219 (against Pgp) (SIGNE-COVANCE, Kansas City, USA) and then
with the ﬂuorescent secondary antibody TRITC (Sigma Aldrich, St
Louis – USA) which binds to the primary antibody (Rocha and
Souza, 2012). In order to show the efﬁciency of technique, we per-
formed three samples without primary antibody, as negative
control.
Fluorescence of the immune-stained cells was also evaluated in
digital images obtained with the Olympus IX81 epi-ﬂuorescence
microscope (excitation 570 nm and emission 680 nm), and these
images were also analyzed with the help of NIH ImageJ freeware.
As in the previous analysis, these assay images were converted to
8 bits, each cell was selected individually, and the mean ﬂuores-
cence intensity was recorded. In this assay, a higher mean ﬂuores-
cence indicates a higher amount of expressed protein.
2.5. Statistical analyses
For all data, we calculated the mean and standard error of the
mean (X ± SE), to produce the ﬁgure graphs. Additionally, the data
were submitted to one-way ANOVA, followed by Tukey’s post hoc
test, with a signiﬁcance level of p 6 0.05. To verify correlations,
we used linear regression analysis.
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3.1. Roundup Transorb
3.1.1. Cytotoxicity
A signiﬁcant decrease was observed (p < 0.05) in the integrity of
the plasma membrane (i.e. viability) at the lowest concentration
tested (67.7 lg L1 94 ± 0.7%). There was a further decline in
viability at the concentration of 135.4 lg L1 (90.2 ± 0.6%), which
persisted at the highest concentration tested (270.8 lg L1 –
89.8 ± 0.9%, Fig. 3A).
We observed a signiﬁcant decrease in mitochondrial activity of
the cells at the medium concentration (135.4 g L1 ± 3.9 – 85%),Concentrations (µg.L-1)
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Fig. 3. Mean values ± SEM of the cellular viability based on plasma membrane
integrity (A), on mitochondrial activity (B) on lysosomal integrity (C), expressed as
percentage (%) relative to the control when the cells were exposed to Roundup
Transorb. Different letters indicate signiﬁcant differences among means (p < 0.05,
n = 4). Ctr: control.
Concentrations (µg.L-1)
Fig. 4. Mean values ± SEM of the plasma membrane integrity (A), mitochondrial
activity (B) lysosomal integrity (C), expressed as percentage (%) relative to the
control when the cells were exposed to Furadan 350 SC. Different letters indicate
signiﬁcant differences among means (p < 0.05, n = 4). Ctr: control.although no signiﬁcant increase in the effect upon cells was
observed at increased concentrations of this product (p < 0.05,
n = 4; Fig. 3B).
Regarding lysosomal integrity, there was a signiﬁcant reduction
(p < 0.05) at the lower concentration used for the herbicide
(67.7 lg L1 – 76 ± 2.4%). The effect caused by the intermediate
concentration (135.4 lg L1 75.7 ± 3.8%) did not differ statistically
(p = 1) from that caused by the lower concentration tested. In con-
trast, we observed a drop in the viability of these organelles eli-
cited by the higher concentration (270.8 lg L1, Fig. 3C).3.1.2. ABC transporter activity
In cells exposed to the herbicide Roundup Transorb there was
a signiﬁcant inhibition (p < 0.05) in the activity of xenobiotic extru-
der proteins at a concentration of 67.7 lg L1, which showed an
inhibition of 25% compared to control, and not different
(p > 0.18) from data obtained by exposing the cells to a concentra-
tion of 135.4 lg L1. At the highest concentration used for the her-
bicide, (270.8 lg L1), we observed an even greater inhibition of
enzyme activity (42.6%, Fig. 4).3.2. Furadan 350 SC
3.2.1. Cytotoxicity
Regarding the integrity of the plasma membrane in cells
exposed to the insecticide, we observed that, compared to control
(100%), the three concentrations tested (0.02 lg L1 – 88.7 ± 1.3%;
0.05 lg L1 – 85.7 ± 1.6%; 0.1 lg L1 – 83.8 ± 1.2%) demonstrated
signiﬁcant cytotoxicity (p < 0.05), causing a decrease in cell viabil-
ity (Fig. 5A).
With respect to the formation of formazan crystals, cells
exposed to Furadan 350 SC showed a signiﬁcant adverse effect
(p < 0.05, n = 4) at the concentration of 0.1 lg L1 (77% ± 2.4%),
with a decrease in the formation of these crystals (Fig. 5B).
The results obtained from the analysis of lysosomal integrity,
show a marked effect (p < 0.05) since the concentration of
0.02 lg L1 exhibited a decrease in viability to 62 ± 1.2%. This effect
is even greater at concentrations of 0.05 lg L1 (49 ± 1.2%) and
0.1 lg L1 (3 ± 2.5%, Fig. 5C).3.2.2. ABC transporter activity
When exposed to the insecticide, there was an inhibition of
45.5% (p < 0.05) at the lowest concentration tested (0.02 lg L1).
Additionally, there are signiﬁcantly higher levels of inhibition at
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Fig. 5. Fluorescence (a.f.u. – arbitrary ﬂuorescence unit) mean ± SEM indicating
accumulation of rhodamine in control cells (ctr) and to cells exposed to different
concentrations of Roundup Transorb. Different letters indicate signiﬁcant differ-
ences among means (p < 0.05, n = 4).
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Fig. 6).3.3. Correlation between cytotoxicity and ABC transporter activity
The correlation between the toxicity exerted by the pollutants
tested and the activity of ABC proteins was also analyzed. Where,
regarding Roundup Transorb, there was a negative correlation for
all tested parameters: Integrity of the plasma membrane (0.90),
mitochondrial activity (0.95), lysosomal integrity (0.99). There
was also a negative correlation between cytotoxicity and Pgp activ-
ity when the cells were exposed to the insecticide Furadan 350 SC,
again for all parameters examined: Integrity of the plasmamembrane (0.89), mitochondrial activity (0.97), and lysosomal
integrity (0.97).
3.4. Mixture of pesticides
3.4.1. Cytotoxicity
Given the fact that the intermediate concentrations of both pes-
ticides have shown to be cytotoxic in almost all tests, and since
these are theoretically safe concentrations as established by
Brazilian legislation, these concentrations were chosen for further
study as mixtures.
The effects of mixtures on membrane integrity were signiﬁcant
(p < 0.05) compared to control (100%) with a decrease in cell viabil-
ity to 86.7 ± 1.9%, however the mixture showed no signiﬁcant dif-
ference compared to the separate products (Fig. 7A).
Regarding formation of formazan crystals (MTT assay), the mix-
ture of pesticides again proved toxic, manifest as less crystal for-
mation (84 ± 2.1% – Fig. 7B). But was not signiﬁcantly different
from the products tested separately (p > 0.89).
Through an analysis of lysosomal integrity, we veriﬁed that
there was no signiﬁcant difference (p > 0.89) between the mixture
and the herbicide alone. Interestingly, the decline in the integrity
of this organelle, obtained with the insecticide separately
(49 ± 1.2%) was greater than that observed with the mixture
(75 ± 3.8%, Fig. 7C).
3.4.2. Multixenobiotics Resistence (MXR)
3.4.2.1. ABC transporter activity. With respect to the cells exposed
to the mixture of pollutants, we found a signiﬁcant inhibition of
69.6% compared to control (p < 0.05). This inhibition was superior
to that demonstrated in cells exposed to the herbicide Roundup
Transorb and at the same time, lower than the inhibition
observed in cells exposed to the insecticide Furadan 350 SC
(101.2%, Fig. 8).
3.4.2.2. P-Glycoprotein expression (Pgp). From the immunocyto-
chemistry assay we observed, that compared to control, exposure
to both pollutants together (with expression 26.1% higher than
control), as well as the insecticide separately (53.8% higher),
induced signiﬁcantly (p < 0.05) the expression of P-gp, while the
herbicide Roundup Transorb alone, showed no signiﬁcant differ-
ence compared to control (p = 1; Fig. 9).
4. Discussion
In this study we veriﬁed the effects of Roundup Transorb and
Furadan 350 SC, both separately and combined, upon different
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Fig. 7. Mean values ± SEM of the plasma membrane integrity (A), mitochondrial
activity (B), lysosomal integrity (C) expressed as percentage (%) relative to the
control of cells exposed to Roundup Transorb (RDP), Furadan 350 SC (FRD) and to
mixtures of the pesticides (RDP + FRD). Different letters indicate signiﬁcant
differences among means (p < 0.05, n = 4).
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of cells from the lineage ZF-L. We also report a correlation between
cytotoxicity elicited from the presence of these pollutants, with the
activity of multi-xenobiotic resistance proteins.
We found that in all concentrations tested, both with the herbi-
cide and the insecticide, result in a signiﬁcant decrease in the
integrity of the plasma membrane of these cells, indicating
impaired membrane permeability. The ability to cause an increase
in cell membrane permeability has been described previously, both
for carbofuran by Gupta et al. (1994) in mammalian liver cells, as
well as another formulation of glyphosate (Roundup), by
Martinez et al. (2007) in mononuclear blood cells. It is likely that
damage to the plasma membrane leads to an impairment in the
maintenance of the intracellular compartment, and makes it more
susceptible to entry of xenobiotics into the intracellular medium,
which can subsequently lead to damage to other structures in
the cell.In cells exposed to Roundup Transorb there was a decrease in
the formation of formazan crystals which may indicate an inhibi-
tion of mitochondrial activity, particularly in regard to the activity
of succinate dehydrogenase. Other authors also reported adverse
effects caused by exposure to glyphosate based formulations with
respect to mitochondria, such as: transmembrane reducing capac-
ity, inhibition of ATP synthesis (Peixoto, 2005; Samsel and Seneff,
2013), and a decrease in respiratory activity (Martinez et al., 2007).
There was also a reduction in the formation of formazan crys-
tals corresponding to reduced succinate dehydrogenase activity
in cells exposed to Furadan 350 SC at the highest tested concen-
tration (0.1 lg L1). These results differ fromwhat was observed by
Bakthavathsalam and Srinivasa (1983), who exposed the liver cells
of ﬁsh (Anabastes tudineus) to the insecticide Furadan and found
an increase in succinate dehydrogenase enzyme activity at a con-
centration of 560 lg L1. However, despite the overall increase,
during the ﬁrst six hours of exposure, these authors found a signif-
icant decrease in the activity of this enzyme, which closely resem-
bles what was seen in this study, where the exposure time was the
same; a reduction of mitochondrial activity was observed. It is
thought that the increased activity of this organelle is associated
with a compensatory action of the cell after exposure to the pollu-
tant, as Bakthavathsalam and Srinivasa (1983) suggest this
increase in mitochondrial activity may be an attempt to overcome
the cell toxicity caused by the insecticide. We observed that the
insecticide Furadan 350 SC, as well as the herbicide Roundup
Transorb, exhibit toxic effects toward different cellular targets,
even at the lower concentrations tested, as seen in the viability
of the plasma membrane and lysosomal integrity. Although
regarding the mitochondrial activity of cells exposed to the insec-
ticide, the lowest concentrations have not shown signiﬁcant toxic-
ity, which reinforces the need for analyses of various targets, since
certain concentrations may not exhibit toxic effects at a given tar-
get, of course does not rule out that this concentration will not
effect other processes.
Considering the marked effect on lysosomal integrity caused by
exposure to both Roundup Transorb, and Furadan 350 SC, this
organelle may be considered as the most sensitive to these pollu-
tants, since from the lowest concentrations tested it is possible
to observe a signiﬁcant decrease in lysosomal integrity in these
cells (25% and 38% respectively). A decrease in the amount of viable
lysosomes may make the cell more vulnerable to the toxicity of
xenobiotics, since this organelle also functions to protect the cell
against the accumulation of contaminants.
Regarding the activity of ABC proteins, we observed that when
exposed to the herbicide Roundup Transorb and the insecticide
Furadan 350 SC separately, the cells showed an accumulation of
ﬂuorescence greater than the control condition, i.e., there was an
inhibition in the extrusion activity by these proteins. This inhibi-
tion has shown a high negative correlation with all cytotoxicity
assays evaluated, and is most evident in the reduction of lysosomal
integrity (RDP: 0.99; FRD: 0.97) and the formation of formazan
crystals (mitochondrial activity) (RDP: 0.95; FRD: 0.97).
The negative correlation shown between the lysosomal integ-
rity and the accumulation of the ﬂuorescent Rhodamine B can be
related to the fact that lysosomes are organelles that are intimately
linked to processes of degradation and endocytosis (Schwake et al.,
2013), and they possess membrane ABC proteins that assist in
these processes (Fukuda, 1991). Thus, lysosome organelles that
help to protect the cell by removing unwanted products (aged
organelles, xenobiotics), may act similarly to proteins involved in
the MXR, since they both function to prevent the accumulation
of pollutants/contaminants in the intracellular medium.
Considering ATP production as one of the main functions of
mitochondria (Krauss, 2001) and recognizing the need for ATP by
ABC proteins for their proper function (Kurelec et al., 2000), there
FRD RDP + FRD
Fig. 8. Fluorescence image of the accumulation of rhodamine in control cells (ctr), and cells exposed to Roundup Transorb (RDP), to Furadan 350 SC (FRD) and to the
mixture of the pesticides (RDP + FRD). Insert ﬁgure shows the ﬂuorescence (a.f.u – arbitrary ﬂuorescence units) average ± SEM indicating the accumulation of rhodamine in
control cells (ctr), and cells exposed to Roundup Transorb (RDP), to Furadan 350 SC (FRD) and to the mixture of the pesticides (RDP + FRD). Different letters indicate
signiﬁcant differences among means (p < 0.05, n = 4).
Fig. 9. Fluorescence image showing the expression of glycoprotein (Pgp) in control (ctr) cells, and cells without primary antibody for negative control (NegCtr) analysis, and
cells exposed to Roundup Transorb (RDP), to Furadan 350 SC (FRD) and the mixture of the pesticides (RDP + FRD). Insert ﬁgure shows the ﬂuorescence (a.f.u – arbitrary
ﬂuorescence units) average ± SEM indicating expression of glycoprotein (Pgp) from control cells (ctr), cells exposed to Roundup Transorb (RDP), to Furadan 350 SC (FRD)
and the mixture of the pesticides (RDP + FRD). Different letters indicate signiﬁcant differences among means (p < 0.05, n = 4).
T.L.S. Goulart et al. / Toxicology in Vitro 29 (2015) 1377–1384 1383is a possibility that the decrease in mitochondrial activity of the
cells may be a factor that contributes to the inhibition of the activ-
ity of ABC proteins, such as Pgp. Heales et al. (1999) argue that
deﬁciencies in the normal functioning of the mitochondrial respi-
ratory chain leads to decreased ATP synthesis, whereas our resultsin the exposure to pesticides caused a decrease in the formation of
formazan crystals, indicating a decrease in the activity of enzymes
involved in cellular respiration processes.
The capacity to reduce ATP production was observed from the
insecticide carbofuran in larvae of Helicoverpa armigera (Akbar
1384 T.L.S. Goulart et al. / Toxicology in Vitro 29 (2015) 1377–1384et al., 2012), and the commercial formulation Roundup in rat liver
cells (Peixoto, 2005), thereby supporting our results from the anal-
ysis of mitochondrial activity and also the possible results arising
from this, reﬂecting in the inhibition of ABC proteins.
The mixture of pesticides showed toxic effects upon the integ-
rity of the plasma membrane and mitochondrial activity, not dif-
fering from the effects observed in the pesticides separately.
However, when cytotoxicity was evaluated based upon lysosomal
integrity, we observed that the mixture showed the same cytotox-
icity as that obtained with the herbicide separately, but was less
toxic than the insecticide alone. This suggests an antagonist effect
of the mixture over the insecticide, which may indicate that the
toxic effects registered in this organelle, is mainly due to Furadan
350 SC.
With regard to the activity of ABC proteins, cells exposed to the
mixture displayed a greater inhibition than with Roundup
Transorb alone and yet lower than that obtained with the insec-
ticide separately. In this analysis, the mixture had an intermediate
effect compared to the pesticides separately. Considering these
results, there may exist a synergistic relationship regarding
Roundup Transorb, and antagonism toward the insecticide.
Kurelec (1995) deﬁnes substances capable of causing inhibition
of the activity of xenobiotic extruders proteins as chemosensitiz-
ers. Therefore, we can classify the pesticides tested in this study,
as well as their mixture as potential chemosensitizers since they
showed an inhibitory effect on the activity of ABC proteins.
The expression of P-gp proteins, the main representative of ABC
transporters, was also evaluated in cells exposed to Roundup
Transorb, Furadan 350 SC and a mixture of pesticides. We see
a signiﬁcant increase in P-gp expression when cells were exposed
to the insecticide alone and to the mixture.
The expression of P-gps may be altered by different factors, cells
can increase the expression of proteins in an attempt to more
effectively respond to the presence of xenobiotics (Bard et al.,
2002), thus preventing these xenobiotics from causing adverse
effects to the cell. However, as observed in this study, even with
the increased expression of transport proteins, we still observed
a cytotoxic effect, due to inhibition of the activity of these proteins.
The inhibitory effect of pesticides appears to be the stimulus for
increased expression of Pgp since the inhibition caused by expo-
sure to the insecticide mix and where the inhibition caused by
the insecticide alone is higher and the mixture appears as interme-
diate, and correlates with the expression of PGPS. Whereas inhibi-
tion by exposure to Roundup Transorb (the lowest inhibition
observed) seems not to have been sufﬁcient to increase expression
of these proteins.
Considering the active ingredients of the pesticides tested
(Roundup Transorb – glyphosate and Furadan 350 SC – carbofu-
ran), we may report that concentrations below those allowed by
law were toxic to all parameters tested in this study, with the
exception of mitochondria. This suggests that this toxicity appear-
ing from supposedly safe concentrations, may be due to the surfac-
tants present in the commercial formulations, which indicates a
need for more studies to compare these pesticides and their com-
plete formulations.Conﬂict of Interest
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